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1Scripps Institution of Oceanography, University of California San Diego, La Jolla, CaliforniaABSTRACT Cells are sophisticated integrators of mechanical stimuli that lead to physiological, biochemical, and genetic re-
sponses. The bioluminescence of dinoflagellates, alveolate protists that use light emission for predator defense, serves as a
rapid noninvasive whole-cell reporter of mechanosensitivity. In this study, we used atomic force microscopy (AFM) to explore
the relationship between cell mechanical properties and mechanosensitivity in live cells of the dinoflagellate Pyrocystis lunula.
Cell stiffness was 0.56 MPa, consistent with cells possessing a cell wall. Cell response depended on both the magnitude and
velocity of the applied force. At the maximum stimulation velocity of 390 mm s1, the threshold response occurred at a force
of 7.2 mN, resulting in a contact time of 6.1 ms and indentation of 2.1 mm. Cells did not respond to a low stimulation velocity
of 20 mm s1, indicating a velocity dependent response that, based on stress relaxation experiments, was explained by the
cell viscoelastic properties. This study demonstrates the use of AFM to study mechanosensitivity in a cell system that responds
at fast timescales, and provides insights into how viscoelastic properties affect mechanosensitivity. It also provides a compar-
ison with previous studies using hydrodynamic stimulation, showing the discrepancy in cell response between direct compres-
sive forces using AFM and those within flow fields based on average flow properties.INTRODUCTIONAll organisms experience mechanical stress because of
gravity, tensile forces, compressive forces, hydrostatic
pressure, or fluid shear stress. Individual cells are now
recognized as being mechanically sophisticated, integrating
mechanosensory stimuli to alter physiological, biochemical,
and genetic processes, and having the ability to dynamically
alter their mechanical properties. In fact, the mechanical
properties of the cell are integral to the transduction of me-
chanical stress as cells sense and respond to their physical
environment. The link between mechanical properties of
the cell, mechanical stress acting on the cell, and the result-
ing biochemical and molecular responses is important for
cell functioning and also implicated in cellular pathologies.
In this study, the relationship between cell biomechanics
and physiological sensitivity was investigated in dinoflagel-
lates, alveolate protists whose bioluminescence serves as
a cellular reporter of one of the fastest-known mechano-
sensitive systems, with only a 15 to 20 ms delay between
stimulus and response (1–3). The mechanotransduction
mechanism and the link between cell morphology and me-
chanosensitivity are poorly characterized. Mechanical stress
is hypothesized to activate GTP-binding proteins (4) by
increasing the fluidity of the plasma membrane (5) as inSubmitted September 11, 2014, and accepted for publication February 2,
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0006-3495/15/03/1341/11 $2.00mammalian endothelial cells sensing blood flow (6–8), a
process that appears involve membrane thinning rather
than changes in membrane curvature (9). Pharmacological
studies suggest that the bioluminescence signaling pathway
involves the activation of voltage-sensitive and stretch-sen-
sitive integral membrane proteins (9–11), an increase in
cytoplasmic [Ca2þ] by release from intracellular stores
(11), and depolarization of the vacuole membrane to
generate a propagating action potential (3,12). The vacuolar
membrane action potential is hypothesized to open voltage-
gated proton channels (13) to acidify the scintillons, vesicles
that contain the substrate luciferin and catalyst luciferase
involved in the luminescent chemistry (14–17). The
decreased pH in the scintillons activates the luciferase,
whose activity is pH dependent, and in some dinoflagel-
late species dissociates luciferin from its binding protein
(14,18,19). Overall, dinoflagellate bioluminescence is an
extremely rapid, noninvasive tool for evaluating the sensi-
tivity and mechanisms of response of individual cells.
In nature, the bioluminescence of dinoflagellates, the
most common sources of bioluminescence in coastal regions
(20,21), functions as a predator defense strategy. Biolumi-
nescent flashes have a flash bulb effect to disrupt predator
feeding (22–26) and also act as a burglar alarm to attract
secondary visual predators that prey on the initial grazers
(27–31). In this context bioluminescence appears to be stim-
ulated by direct predator contact rather than flows associated
with a predator feeding current (32,33).
Dinoflagellate bioluminescence is also stimulated by
flows with high levels of shear stress, including thehttp://dx.doi.org/10.1016/j.bpj.2015.02.009
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(36), and breaking waves (35,37). Based on studies using
fully characterized flow fields with quantified levels of
flow stress, the bioluminescence response starts in flows
with fluid shear stresses of 0.02 to 0.3 N m2, depending
on the dinoflagellate species (32,38,39). Dinoflagellate
bioluminescence is sensitive to the rate of change of flow
stress, suggesting a slow inactivation process that results
in decreased levels of light emission with lower rates of in-
crease in flow stress (33).
Laboratory approaches using fully characterized flow
fields are amenable to populations of cells but do not allow
the study of individual cells or the precise characterization
of the local mechanical stress triggering flash responses.
Additionally, flow approaches are suitable to studying
flow-stimulated bioluminescence but are not necessarily
relevant to mechanical stimulation because of predator con-
tact. A sophisticated approach to investigate the effect of
mechanical forces on individual cells is atomic force micro-
scopy (AFM), a high-resolution tool for imaging surfaces at
the nanoscale. A probe mounted on a cantilever feels a sur-
face over which it is scanned. Forces between the tip and
sample cause deflection of the cantilever that is detected
by a laser on a photodetector. Thus AFM can image a sur-
face with nanometer resolution. In addition, AFM can also
be used to apply known forces and has become the tool
of choice for probing and manipulating a wide variety of
cells and macromolecules (40). Although there are many
methods available for applying a mechanical stimulus to in-
dividual cells, the advantages of AFM are that it can apply
local forces with high spatial resolution using relevant
testing conditions for live cells, in this case while immersed
in seawater. The resulting force-distance curve is used to
calculate deformation and elastic modulus of the sample,
making AFM one of the most effective tools for measuring
the mechanical properties of cells (41).
The objective of this study is to develop AFM as a tool to
investigate the relationship between stimulation parameters
and physiological sensitivity of individual dinoflagellates,
whose in vivo bioluminescence has been used as a reporter
of mechanical stress in oceanic and engineering applications
(36,42–44). Local stimulation using a colloidal probe was
applied to single cells of the dinoflagellate Pyrocystis lunula
attached to a solid surface. This species was selected for
testing because it exists in cultures primarily in a nonmotile
cyst stage (45,46), unlike most dinoflagellates, which exist in
a flagellated swimming stage, and this particular strain was
negatively buoyant, facilitating its attachment to a surface
for testing. Results indicate that the velocity of the applied
mechanical stress and its magnitude are important in deter-
mining cell stimulation. By measuring the mechanical prop-
erties of the cells, we were able to correlate the characteristic
of the mechanical stimulation triggering a response with the
viscoelastic properties of the cells. To our knowledge, this
study establishes AFM as a tool to study mechanosensitivityBiophysical Journal 108(6) 1341–1351in luminescent dinoflagellates at fast timescales, providing a
new perspective for the understanding of this phenomenon
and the mechanotransduction process in general.MATERIALS AND METHODS
Test organism and culture conditions
Cultures of Pyrocystis lunula Schu¨tt (47) were grown in half-strength Guil-
lard’s f/2 medium minus silicate in an environmental chamber maintained at
20Cwith a 12:12 h light:dark cycle. Only cultures in midexponential growth
phase (i.e., 2 weeks after inoculation) were used for testing. The biolumines-
cence of P. lunula and that of most dinoflagellates is under circadian regula-
tion, with light emission only during the dark phase of the photoperiod
(48,49). Cells were prepared for testing toward the end of the light phase,
when the bioluminescence system is inactive. Cells were adhered to polysty-
rene petri dishes (Thermo Fisher Scientific, Waltham, MA) by adding 0.1 ml
drops of culture that remained undisturbed in the light for 1 h. Dishes were
then rinsed with aged Scripps Pier filtered seawater (FSW) and refilled with
6 ml of FSW. Dishes were placed in the AFM room at the beginning of the
dark phase where they remained undisturbed until testing.Cell imaging
Bioluminescence was imaged by a Cascade:512B digital low-light camera
system (Photometrics, Tucson, AZ) attached to the side port of the Zeiss
AXIO Observer.A1 inverted microscope (Carl Zeiss Microscopy, Thorn-
wood, NY). A Fura2 filter cube with 540 nm long-wavelength cutoff atten-
uated the AFM red laser illumination from reaching the camera and
interfering with observing the bioluminescence, which for P. lunula has a
maximum emission at 472 to 475 nm (50,51).
Camera operation was controlled through Metamorph v6.3 software
(Molecular Devices, Sunnyvale, CA), which was also used for image anal-
ysis. Camera settings were 10 MHz digitizer, maximum gain, intensifier
setting of 3000, and 20 ms frame duration, with a 256  256 pixel field
of view. Typically 200 frames were obtained for a single indentation
and retraction of the cantilever probe. Cells were imaged with a Plan
NEOFLUAR 40x/0.75 n.a. (Carl Zeiss Microscopy) objective.
Cell size was determined from a white light image of each cell obtained
with the AFM probe out of view, and calculated based on scale calibration
using a stage micrometer. Cell length and width were based on maximum
values, whereas projected surface area was obtained after outlining the
cell periphery.Cell measurements and bioluminescence
stimulation using AFM
A Bioscope catalyst Atomic Force Microscope (Bruker, Billerica, MA) was
coupled with the inverted microscope for imaging and force spectroscopy.
The surface of the dinoflagellate cell was imaged in Scanasyst mode using a
Bruker SNL-A cantilever (2 nm tip diameter). For the force spectroscopy
experiments, various types of probes with different spring constants and
modifications (e.g., sharp tip, tipless, beads of various diameters) were
tested. The best results were obtained using a colloidal probe, consisting
of a silicon cantilever with a spring constant of 45 N m1 attached to a
10.3 mm diameter glass bead (AppNano model ACTLGG, Applied Nano-
Structures, Mountain View, CA). The cantilever spring constant was deter-
mined using the dimensional method and the diameter of the glass beads
measured by mean 5 SE. The deflection sensitivity of the cantilever was
calibrated in liquid on a sapphire surface. The cantilever was positioned
so that it contacted the cell in the area above the nucleus (Fig. 1); this region
provided a flat surface allowing proper contact between the cell and the
AFM probe. Contacting the cell in other areas resulted in cell movement
FIGURE 1 Images of a living Pyrocystis lunula
cell. (A) Cantilever probe with approximate posi-
tion of attached glass sphere (circle) positioned
over the cell. (B) Same cell without the cantilever.
(C) Scanning electron micrograph of the cantilever
with attached 10 mm diameter glass sphere. Scale
bar for all panels is 20 mm.
Mechanosensitivity Assessed Using AFM 1343causing inadvertent stimulation. The contact area was determined using the
formula to calculate the surface area of a spherical cap: 2p  r  h where r
is the radius of the probe and h the depth of indentation. Cell deformation
was determined from the force curve.
The objective of force experiments was to study mechanosensitivity based
on the magnitude of the applied force and the rate at which the force was
applied, using bioluminescence as the reporter of cell physiological response.
Three types of force experiments were performed. Each experiment was per-
formedusing the sameconditions and identical probe.The rampsize (zmotion
of the cantilever) was set at 10mmand the maximum applied force of 14.5 mN
and velocity of 390 mm s1 (equivalent to a ramp rate of 19.5 Hz) were deter-
mined according to the system and cantilever characteristics.
For the first experiment, the stimulation velocity was kept constant at 390
mm s1 while a series of single indentations with increasing force from 1.6
to 14.5 mN was applied until bioluminescence was stimulated. Then a sub-
sequent stimulus at the maximum velocity (390 mm s1) and force (14.5
mN) was applied to the same cell to elicit a second flash response.
For the second experiment the force was maintained at the maximum of
14.5 mN while a series of single indentations with increasing velocity from
20 to 390 mm s1 was applied until bioluminescence was triggered. Then a
subsequent stimulus was applied at the maximum force and velocity to
elicit a second flash response.
The third experiment evaluated the effect of repeated stimulation on the
same cell. A series of repetitive indentations over a period of 20 s was per-
formed at the maximum force of 14.5 mN with a 1 s delay between each
stimulus; one group of cells was stimulated at a velocity of 20 mm s1 while
a second group was stimulated at 390 mm s1. For the series at a ramp rate
of 20 mm s1, a final single stimulus was applied at a velocity of 390 mm s1
to verify responsiveness of the cell.
Each flash was analyzed for intensity and kinetic parameters. Maximum
flash intensity was obtained from the framewith the highest intensity by tak-
ing the average value of all pixels involved in the light emission. Response
kinetics were calculated from analysis of the video record, with each frame
representing 20 ms duration. Rise time was based on the number of frames
from the initiation of the response to maximum intensity. Dinoflagellate
flashes undergo an exponential decay in light intensity (12,52,53). Decay
timewas based on the period frommaximum intensity to 90% of maximum.
Decay rate was calculated as the inverse of the 90% decay time.
Unless otherwise stated, values represent arithmetic means with standard
deviation. Simple comparisons were made using Student’s t-test, whereas
correlations were based on simple least-squares linear regressions using
JMP v.11 (SAS Institute, Cary, NC). Statistical significance was based on
a ¼ 0.05.Cell mechanical properties
To determine the elasticity of cells in the same conditions, at the end of each
series of bioluminescence measurements a force curve was obtained with a
maximum force of 6.4 mN and velocity of 20 mm s1. The Hertz model for
spherical indenter was used to fit the curves and determine the elasticmodulus. The Poisson ratio was fixed at 0.5. Nanoscope analysis software
v.1.4 was used to fit the force deformation curves.
Additionally, we investigated the effect of stimulation velocity on the
mechanical properties of the cells and determined their viscoelastic proper-
ties by performing stress relaxation tests. These measurements were per-
formed on the same six cells. For each cell, two single force curves were
obtained with a force of 14.5 mN and velocities of 20 and 390 mm s1.
One single force curve was obtained at 6.4 mN and 20 mm s1 to determine
Young’s modulus. Finally, a stress relaxation test was realized. The indenter
was brought in contact with the cell at a velocity of 20 mm s1 until a
maximum force of 14.5 mN was obtained. Constant deformation was main-
tained for 10 s while the force applied was recorded.
Based on the stress relaxation curves, elastic modulus, E, was calculated
from force values using the Hertz theory for a spherical indenter. Then the
stress relaxation curves were fitted using least squares to a nonlinear regres-
sion with LAB Fit V.7.2.48 software (Universidade Federal de Campina
Grande, Paraiba, Brazil), using a viscoelastic model that consists of a par-
allel arrangement of two Maxwell elements and a spring as follows:
EðtÞ ¼ E0 þ E1 expð-t=t1Þ þ E2 expð-t=t2Þ: (1)
This model allowed us to obtain the viscoelastic parameters of cells
including the relaxation time t1 and t2, the elastic moduli E0, E1, and E2,
and the parameters of viscosity m1 and m2, as follows:
m ¼ E  t: (2)
RESULTS
Cell wall structure
The surface layer of P. lunula was quite homogeneous, dis-
playing a grid pattern formed by the cellulose network pre-
sent underneath the surface layer (Fig. 2 A). Imaging at high
resolution revealed domes and ridges with an average height
of 5.4 nm, width of 100 to 150 nm, and Roughness root
mean square (Rrms) of 1.59 nm (Fig. 2, A inset and B). Oc-
casionally we observed attached needle-like structures ~1.8
mm in length that could be discharged trichocysts (Fig. 2 C),
rod-shaped structures that are a common type of extrusome
in dinoflagellates (54,55) including P. lunula (56).Stimulation of bioluminescence
Overall, bioluminescence was triggered in 76% of tested
cells (N¼ 42) for single indentations with a maximum forceBiophysical Journal 108(6) 1341–1351
FIGURE 2 Structure of the living Pyrocystis lunula cell surface as
imaged by atomic force microscopy. (A) Low-resolution image showing a
grid pattern. Scan size is 10 mm. Inset: high-resolution image of the cell sur-
face. Scan size is 2 mm. (B) Height (Z) profile of the cell surface from (A)
inset. (C) Low-resolution image of elongated structures, which may be
extruded trichocysts, occasionally imaged on the cell surface of Pyrocystis
lunula by atomic force microscopy. Scan size is 9.4 mm. Inset: high-resolu-
tion image of a trichocyst. Scan size is 2 mm. To see this figure in color, go
online.
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Supporting Material). Light emission always originated
from a circular region in the vicinity of the nucleus.
Experiment 1: sensitivity based on stimulus force
For this experiment, cells were indented at the maximum ve-
locity of 390 mm s1 allowed by the system, with an initial
applied force of 1.6 mN that was increased in increments
with each indentation until a flash was observed. For all cells
tested, the flash response occurred at a force threshold of
7.2 5 3.4 mN, corresponding to a cell deformation of
2.15 0.65 mm and a contact area of 68 mm2 or 1.4% of the
cell surface; the time to reach maximum deformation once
the cell surfacewas contactedwas 6.15 1.8ms (Fig. 3A; Ta-
ble S1). The maximum intensity of the response did not vary
with the magnitude of the applied force (P¼ 0.79) indicating
that the flash was an all-or-nothing response.
Experiment 2: sensitivity based on stimulus velocity
To determine the effect of stimulus velocity on cell stimula-
tion, cells were indented at a constant maximum force of
14.5 mN, with an initial velocity of 20 mm s1 that was
increased in increments with each indentation until a flash
was observed. For all cells tested, the flash response
occurred at a threshold velocity of 1185 78 mm s1, corre-
sponding to a cell deformation of 3.15 0.3 mm and contact
area of 100.5 5 8.5 mm2; the time for the probe to travel
from the surface of the cell to the maximum deformation
was 47.1 ms (Fig. 3 B; Table S2). The maximum intensity
of the response did not vary with ramp rate (P ¼ 0.16) indi-
cating that the flash was an all-or-nothing response.
The parameters of the cell flash response were similar for
the two experiments (P > 0.05). The flash response was al-
ways present in the subsequent video frame after probe con-
tact, representing a delay between stimulation and response
of 20 ms or less, consistent with previous findings using
different stimulation strategies (1,3,57). There was a signif-
icant difference between experiments in rise time, the time
to maximum flash intensity (t20 ¼ 2.4, P < 0.03), which
was 44.0 5 2.9 ms for experiment 1 and 53.3 5 2.7 ms
for experiment 2. However, considering that the time resolu-
tion of these measurements was 20 ms, and all response rise
times were either 40 or 60 ms, no functional importance is
placed on the difference. Pooling the results for the two ex-
periments, rise time was 49.15 10.2 ms (N ¼ 22) and 90%
decay time was 3795 52.2 ms, equivalent to a decay rate of
2.7 5 0.3 s1.
There was no significant correlation of response kinetics
(i.e., rise time, decay rate, and 90% decay time) with cell
area (P > 0.6). Maximum response intensity increased
with cell area in a log-log relationship (R2 ¼ 0.251,
F1,20 ¼ 6.71, P ¼ 0.02) as expected, because larger cells
have a greater bioluminescence capacity (52,58–60). Elastic
modulus (y) increased with cell area (x) as y ¼ 0.135 þ
8.8  105 * x (R2 ¼ 0.203, F1,20 ¼ 5.08, P ¼ 0.04).
FIGURE 3 Cumulative percentage of Pyrocystis lunula cells responding
at (A) constant stimulation velocity of 390 mm s1 and various forces, and
(B) constant force of 14.5 mN and various velocities. For each experiment,
the second stimulus at maximum force and velocity ‘‘(2)’’ always elicited a
response. To see this figure in color, go online.
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To investigate the effect of multiple stimulation on cell
response and to confirm the effect of stimulation velocity,
we performed an experiment where cells were indented at
least seven times at the maximum force of 14.5 mN and a
velocity of 20 or 390 mm s1 (Fig. 4 and Table S3). For a
velocity of 20 mm s1, no cells were stimulated (N ¼ 6),
although all but one cell was stimulated by a subsequent
indentation at a velocity of 390 mm s1, verifying that the
cells were excitable. When the same experiment was per-
formed for a velocity of 390 mm s1 using different cells,
five out of seven cells were stimulated, with all responding
cells producing a flash for the first stimulus. The number of
flashes per cell was highly variable, ranging from one to six
flashes. This experiment confirmed the importance of stim-
ulus velocity for cell stimulation, because cells did not
respond at the low velocity even though the force was
maximal.
Pyrocystis spp. exhibits a first flash phenomenon, where
the first flash that is elicited has a higher intensity and longer
duration than subsequent flashes (52). This pattern was
observed in our study (Fig. 4 D), where the first flash wasmore than six times brighter with about a three times greater
duration than subsequent flashes.Mechanical properties
For an applied force of 6.4 mN and velocity of 20 mm s1,
Young’s modulus for the region above the nucleus was
0.56 5 0.14 MPa (N ¼ 28 cells) (Fig. 5 A).
To better understand the effect of probe velocity on cell
stimulation, we performed force deformation curves at a
force of 14.5 mN for velocities of 20 and 390 mm s1
(Fig. 5 B). Deformation for a velocity of 20 mm s1 was
3.55 0.46 mm (N ¼ 6 cells) whereas that for a velocity of
390 mm s1 was 3.13 5 0.37 mm (Table S4). The 0.37 5
0.11 mm difference was statistically significant (paired
t-test, t8 ¼ 12.3, p < 0.0001). We attributed this difference
to the relaxation of the cell at the lower stimulation velocity.
To directly measure cell relaxation, the same cells were
subjected to stress relaxation tests to determine the visco-
elastic properties of the cells and the relaxation times
(Fig. 5C). The force required tomaintain a constant deforma-
tion was measured for 10 s. The indentation moduli were
calculated using the Hertz theory for spherical indenter.
Initially the elastic moduli exhibited a rapid decrease, fol-
lowed by a slow decrease to finally stabilize at around 9 s.
A viscoelastic model consisted of two sets of dashpot and a
spring, representing slow and rapid relaxation, respectively,
as well as a single spring to describe the elasticity at equilib-
riumwas used to fit the data (Fig. 5,C andD). The correlation
coefficient for the fit ranged from 0.999 to 0.988. Based on
model calculations, the relaxation times were 0.132 5
0.046 s and 3.09 5 0.73 s, the moduli at equilibrium was
0.318 5 0.124 MPa, and the instantaneous modulus E1
was 0.097 5 0.039 MPa and modulus E2 was 0.026 5
0.011 MPa. The viscosity parameters were calculated as
m1¼ 14.25 9.9 KPa s and m2¼ 835 42.1 KPa s (Table S4).DISCUSSION
Dinoflagellate bioluminescence as a cellular
reporter of mechanical stress
Mechanical forces affect cellular biochemistry, physiology,
and gene expression (61–65). Single-cell model systems,
which are useful for deciphering the mechanisms involved
in mechanosensitivity, present a challenge for monitoring
the effector response. Typically mechanosensitivity is me-
asured by monitoring activity within the signaling pathway,
such as using fluorescent dyes for measuring membrane
viscosity, cytoplasmic [Ca2þ], or pH; performing electrical
recordings of membrane voltage; or monitoring fluorescent
fusion reporter proteins (66–68). Dinoflagellate biolumines-
cence is a powerful whole-cell reporter of mechanical stress
because light production represents the final step of a rapid,
intrinsic mechanosensing pathway. Bioluminescence repre-
sents the effector response of the cell, not an intermediateBiophysical Journal 108(6) 1341–1351
FIGURE 4 Sequence of bioluminescence produced by a Pyrocystis lunula cell stimulated by the atomic force microscope probe. (A) The probe contacts the
cell at time 0 with a force of 14.5 mN and velocity of 390 mm s1. A flash is visible in the next frame at time 20 ms, reaches maximum intensity at time 40 ms,
and then undergoes slow decay. For this cell, the flash intensity decayed to 90% of maximum in 220 ms. (B) The second flash produced by the identical cell
exhibited a lower intensity and shorter duration. Both (A) and (B) have the identical intensity scaling. (C) Composite of the six flashes produced by the iden-
tical cell based on the maximum intensity of emission. The images are autoscaled so that the background appears brighter when the bioluminescence is dim-
mer. Scale bar for all panels is 50 mm. (D) Time course of each of the flashes, based on average pixel intensity for the region of bioluminescence. To see this
figure in color, go online.
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FIGURE 5 Viscoelastic properties of Pyrocystis
lunula cells. (A) Force curve (solid line) fitted
with the Hertz model (dashed line) used to calcu-
late Young’s modulus. (B) Force deformation
curves from a single cell measured for velocities
of 20 (dashed line) and 390 mm s1 (solid line).
(C) Stress relaxation curve (dots) of a living cell
fitted using the model described in D (solid line).
(D) Viscoelastic model consisting of two sets of
dashpot and a spring and a single spring arranged
in parallel.
Mechanosensitivity Assessed Using AFM 1347step such as a change in membrane fluorescence or voltage,
or an increase in cytoplasmic [Ca2þ]. The light emission,
which consists of one or more flashes with a duration of
~500 ms and emission of 5  108 photons for P. lunula
(M.I. Latz, unpublished data), is clearly imaged or measured
from individual cells. The most thorough characterization of
the mechanosensitivity of dinoflagellate bioluminescence
has used fully characterized flow conditions to determine
thresholds of stimulation and examine the scaling of biolumi-
nescence intensity with the magnitude of fluid shear stress
(32,33,38,39). However, this approach using populations of
cells provides limited insight into the responses of individual
cells (69), and it is unclear how bulk fluid forces are related to
local forces and cell deformation. The major contribution of
this study is to useAFM to apply known forces tomarine cells
in which naturally occurring bioluminescence is used as a re-
porter of mechanosensitivity. Therefore, mechanosensitivity
can be quantified in the context of themechanical property of
the cells, also measured by AFM. This approach provides the
capability for experimental investigation of dinoflagellates,
possessing one of the fastest-known mechanosensitive
signaling pathways, operating on timescales of 10 to 20 ms
(3,12,57). As dinoflagellates are simple Eukaryotes, it is
interesting to consider elements of their signaling pathway
that have been conserved in higher organisms. To our knowl-
edge, this work establishes a framework for future pharmaco-
logical investigations and the development of dinoflagellates
as a new model for the study of mechanotransduction
mechanisms.Cell mechanical properties
Cell stiffness of Pyrocystis lunula, as measured with the
AFM spherical probe, yielded a Young’s modulus of 0.56MPa. This value is much higher than 0.5 to 200 kPa for
cultured animal cells (70–72) but is consistent with that of
cells possessing a cell wall such as yeast and plants
(73,74). For example, the stiffness of wild-type yeast is
0.6 MPa, whereas the organic part of the diatom cell wall
varies from 0.1 to 0.5 MPa (74–76). In Arabidopsis, Young’s
modulus of the cell wall varies from 1.5 to 5 MPa using a
pyramidal indenter and from 0.1 to 0.7 MPa with a spherical
probe (77,78).
Cells of Pyrocystis lunula exist mainly in a cyst form and
have an outer cell wall ~400 nm thick, with a thin outer layer
composed of dinosporin, a highly resistant carbohydrate
based polymer, and a thick inner layer of crossed parallel
cellulose fibrils (79,80), which appeared as a grid pattern
in this study, the first time, to our knowledge, that these
layers have been imaged in their native state. Proximal
to the cell wall lies the protoplast, which contains actin
filaments and microtubules used to support and transport
organelles (81–83). The contribution of the various compo-
nents of the cytoskeleton to cell stiffness remains to be
determined.Mechanosensing mechanism: linking cell
mechanics to mechanosensitivity
In this study we found that the rate of stimulation plays
a critical role in cell response. Most of the cells were stimu-
lated at maximum force by high but not low stimulation
velocity. The rate-dependent response may be attributable
to the viscoelastic properties of the cells. Deformation
was 370 nm greater at the low stimulation velocity of
20 mm s1 compared with the high velocity of 390 mm s1,
representing ~10% of the total deformation and indicating
that cell relaxation occurred. The low stimulation velocityBiophysical Journal 108(6) 1341–1351
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contact time of only 6 ms at the high stimulation velocity. A
viscoelastic model of the cell that consisted of two Maxwell
elements and a spring arranged in parallel was used to fit the
stress relaxation curves, with fast (132 ms) and slow (3.1 s)
components of relaxation. According to a rate dependent
response, at low stimulation rates stress relaxation would
result in energy dissipation whereas at high stimulation rates,
the stress accumulates.
Mechanotransduction in dinoflagellates is not well under-
stood. Pharmacological treatments provide evidence for the
role of GTP-binding proteins (4) and stretch-activated ion
channels (9), both most likely localized in the plasma mem-
brane. For our viscoelastic model, which explains velocity
dependent mechanosensor activation based on modeling
the cell membrane as a dashpot, high stimulation velocity
would result in membrane tension increase leading to a
conformational change of mechanosensors localized in the
membrane that trigger bioluminescence response (Fig. 6).
Our results and this model are consistent with the role of
a membrane-localized mechanosensor. The flash was not
graded in amplitude or kinetics but was an all-or-nothing
cellular response, consistent with previous studies using un-
quantified levels of mechanical stimulation (52,53). There
was minimal effect of stimulus parameters on flash response
characteristics. This all-or-none feature enhances the value
of dinoflagellate bioluminescence as a cellular reporter of
mechanical stress.FIGURE 6 Effect of compressive force applied by atomic force micro-
scopy. (A) Schematic representation of cell deformation by a colloidal
probe showing relaxation mechanism. Gray arrows represent relaxation
of the cell wall (gray) and blue arrows represent relaxation of the protoplast
(blue). (B) Hypothetical model for strain rate dependent conformational
change of mechanosensor. To see this figure in color, go online.
Biophysical Journal 108(6) 1341–1351Other velocity dependent responses have been observed
in osteoblast cells, using calcium release as a reporter for
cell response (84), and in myoblast cells, where mechano-
sensory elements with distinct biomechanical properties
allow cells to differentiate mechanical stimuli with distinct
properties (85). In the myoblast study one mechanosensor
activation required high strain whereas the other one
required high stimulation rate for conformational change.
The dinoflagellate bioluminescence system is character-
ized by its fast response time. In this study, the maximum
flash response occurred in 40 to 60 ms. The 20 ms time reso-
lution of image acquisition was too coarse to measure the
delay from mechanical stimulus to the beginning of the flash
response, but previous studies have measured response de-
lays of 15 to 22 ms (3,57,86), with minimum delays of 8 to
12 ms for several strains of Lingulodinium polyedrum (57).Comparing flow-induced and compressive
mechanosensitivity
In the ocean environment, dinoflagellate bioluminescence is
stimulated by mechanical stress in the form of direct pred-
ator contact or fluid shear stress (32,39,87). The flow-stim-
ulated bioluminescence of P. lunula has not been quantified.
However, P. fusiformis, which has a similar cell wall
morphology, has been studied in fully developed laminar
simple Couette and pipe flows, where it has a response
threshold in flows with a shear stress of 0.06 to
0.09 N m2 (32,38). Assuming a cell surface area for a
1 mm long P. fusiformis cell of 1.1 105 mm2, then the fluid
force acting across the entire cell surface is 6.6  102 mN.
Another flow approach used a microfluidic device to immo-
bilize cells at a barrier, where they experienced hydrody-
namic drag (57). The lowest flow velocity tested, which
stimulated 50% of cells of the dinoflagellate Lingulodinium
polyedrum, applied an estimated tensile force of 4.0 
102 mN, equivalent to a stress of 10.4 N m2 for a cell sur-
face area of 3850 mm2. These response thresholds are based
on calculated flow properties for fully developed flow rather
than forces acting on the cell, which are unknown. For AFM
stimulation, a threshold force of 7.2 mN with a contact area
of 68 mm2 corresponded to a local stress of 1.1 105 N m2.
It is difficult to compare the effect of fluid shear and
compressive stress because the flow stimulation approach
does not provide any information about cell deformation
and it assumes that the entire cell surface area experiences
a similar level of shear stress.
Cell response because of flow stimulation may represent
mechanosensitivity integrated over the entire cell surface,
rather than local stimulation in the case of AFM. The cell
response may require the activation of a minimum number
of mechanosensors; perhaps increasing the region of stimu-
lation would lead to a decrease in the threshold level
of mechanical stress. Mammalian endothelial cells, which
experience shear stress present in blood flow, respond to a
Mechanosensitivity Assessed Using AFM 1349similar range of fluid shear stress (32,39,65,88,89) as do di-
noflagellates, despite lacking the cell wall present in dinofla-
gellates and having a cell stiffness of 1-10 kPa (70,71),
approximately two orders of magnitude less than in dinofla-
gellates. Flow forces act directly on the membrane by
increasing its fluidity (5,6) and possibly activate integral
membrane proteins, whereas compression first contacts the
cell wall; these different mechanisms of activation may
explain the higher threshold for contact stimulation. Until
more is known about how mechanical stress is sensed by
the cell, it is difficult to compare different modes of stimu-
lation. However, comparisons so far indicate that the cell
stimulation requires greater compressive forces than fluid
shear forces calculated from flow properties.CONCLUSION
To our knowledge, this is the first study to apply AFM
for studying the link between mechanosensitivity and me-
chanical properties of marine cells. We developed a new
method that allows us to study mechanosensitivity in organ-
isms possessing an extremely rapid mechanosensing sys-
tem, in which in vivo light emission serves as a whole-cell
reporter of cell response. We described the conditions of
stimulation required to trigger a response and showed that
both the level of stress and speed of stimulation are critical
factors. This initial study paves the way for future pharma-
cological investigations that will help decipher the biochem-
ical steps involved in cell signaling. The velocity dependent
response observed has physiological and ecological signifi-
cance. Indeed, it allows us to build a model that takes into
account the effect of mechanical properties of the cell on
mechanosensing. Additionally, in an environmental context,
the velocity dependence of stimulation modulates the sensi-
tivity of cells to mechanical stress and limits unnecessary
cell response. Cell stimulation by compressive forces is rele-
vant to the ecological role of dinoflagellate bioluminescence
as a predator defense strategy, where the primary stimulus is
attributable to mechanical stress from predator contact, as
shear stress levels when the cell is entrained in a predator
feeding current are too low to be stimulatory (32,33).
Thus this study using mechanical stress generated through
direct contact of the cell with the AFM cantilever is relevant
to how the cell encounters mechanical stimuli imparted by
the predator.SUPPORTING MATERIAL
Four tables and one movie are available at http://www.biophysj.org/
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